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ABSTRACT 

It is the purpose of this thesis to investigate a unique 
a eade test тле designed by the Department of Aeronautics, 
United States Naval Postgraduate School, where an inlet guide 
is arranged ahead of the cascade to be tested to simulate or 
approach the flow conditions that occur in actual machines. 
The cascade test rig is described and illustrated in sec- 
tion 2. Relations for the determination of the lift and drag 
coefficients are derived from the application of the momentum 
theorem. Results calculated from measured data are compared 
with the results published in the literature for geometri- 
cally similar cascades not equipped with an inlet guide vane 


assembly. Modifications to the present design are suggested. 
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Introduction. 

For the design of axial-flow turbo-machinery it is 
necessary to know the three-dimensional viscous compressible 
flow of high velocity through successive rows of stationary 
and moving blades. No complete analytical solution has yet 
been provided for this problem. Those areas of the problem 
for which analytical solutions are available, however, are 
based on an idealized fluid flow which does not consider the 
effects of one or more of the following physical realities: 
compressibility, finite blade spacing and viscosity. AS a 
nuc expessmentel data must be used to supplement tne 
Hae abe Zed theoretical solutions.^ 

Experimental data may be obtained directly from the test 
of rotating turbo-machinery. Another source of experimental 
information is the result of stationary cascade tests. Опе 
pooesoft Stationary cascade, a rectilinear cascade, is ob- 
tained by intersecting a rov of blades of an axial flow tup 
machine with a cylinder and developing the cylinder into a 
plane. Air is blown through the rectilinear cascade in the 
direction of flow in the turbo-machine and then discharged 
into the atmosphere. Results of cascade tests of interest to 

ір, В. Fahland and L. L. Hawkins, An Electrical Analogy 
for Analysis of Flow Through Cascades, Thesis, U. S. Naval 
Postgraduate School, Monterey, California, 1958. 

^L. J. Herrig, J. C. Emergy and J. R, Erwin, Systematic 


Two-Dimensional Cascade Tests of NACA 65-Series Compressor 
Blades at Low Speeds, NACA TN 3916, February, 1957. 





the designer include lift and drag coefficients, the pressure 
distribution about the surface of the blade, boundary layer 
behavior and turning angle. 

The cross section of a typical cascade tunnel is shown 
in Fig. l. One of the major difficulties encountered in this 
type of cascade is the control of the mu EM а ahead 
of the cascade, Figure 1 shows that the fluid passing along 
the lower contour of the channel must travel a greater dist- 
ance before reaching the blades than the fluid flow passing 
along the upper wall. As the size of the boundary layer in- 
creases with the distance traveled along a wall, the thickness 
of the boundary layer at the lover wall is greater than that 
at the upper vall. 
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Figure 1. Cross Section of a Typical Two-Dimensional 
Cascade Tunnel, 


The boundary layer problem is partially solved by the 


installation of boundary layer removal slots at the nozzle 





discharge. To facilitate the removal of the boundary layers 
these slots are usually connected by piping to a са of 
vacuum, Still to be considered is the control of the boundary 
layer dovnstream of the nozzle, One method of control is the 
use of slots located in the walls of the cascade. A more 
effective method of ana layer control is used by Herrig, 
Emery and Erwin in NACA TN 3916 [1]. Here the upper, lower 
and side walls of the cascade were constructed of a porous 
material and were encased in a sheet metal housing connected 
by piping to a vacuum system. Control of the boundary layer 
was effected by drawing off a portion of the fluid flow 
through the porous walls into the vacuum system. | 
peepee c Cascade, however, idealize де fluid flow in 
that conditions of static and total pressure, velocity of 
fluid flow and flow angle are constant at the entrance of the 
cascade. Thus the effect of inlet guide vanes or preceding 
rows of blades, as encountered in turbo-machinery, is not 
considered, Recognizing this, a novel two-dimensional lor- 
speed cascade was designed by the Department of Aeronautics, 
United States Naval Postgraduate School, Monterey, California. 
The uniqueness of this design lies in the incorporation of 
an inlet guide vane section at the entrance to the cascade, 
s Ме test rig, diseussed in detcil in the next 
застой, Що an edventrre over conventional cascade wind 
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by using vertical cascading of the test vanes and the use of 
parallel side walls. 

It is the objective of this thesis to: 

А. Investigate the unique two-dimensional low-speed 
cascade designed by the Department of Aeronautics, United 
States Naval Postgraduate School, Monterey, California, by 
determining: 

1. Conditions of pressure, fluid velocity and flow 
angle after the inlet guide vanes. 

2. Conditions of pressure, fluid velocity and flow 
angle after the test vanes. 

3. Lift and drag coefficients. 

В. Evaluate the above characteristics by comparison 
with previously published results for geometrically similar 


cascades, 





2. Description of the Cascade Test Rig. 

ner basic components of the cascade test rig, shown 
To matically in Fig. 2, are the prime mover, fan, diffuser, 
settling chamber, nozzle block and cascade. The prime mover 
employed was a Wagner Electric Company five horsepower, three 
Phase, 440 volt a.c. motor. The fan used was a Hishock 
Shipboard Fan manufactured by the Buffalo Forge Company. 

The settling chamber, dimensions 223 x 223 x 34 Mones aS 
constructed of plywood. The diffuser, located between the 
n discharge and the settling chamber inlet, is shown in 
Fig. 3. An interesting design feature of the cascade test 
rig vas the length of the diffuser. In contrast to the 
diffusers used in conventional cascade tunnels, the one used 
in the present cascade test rig vas of relatively short 
length, With a ratio of outlet area to inlet area of 1.6, 
separation of the flow would normally occur at the diffuser 
ieee resulting an an uneven distribution of the flow at 
the discharge. By the use of screens placed between the fan 
and the settling chamber inlet the fluid flow can however be 
made to follow the shape of the diffuser walls with corre- 
sponding good conversion of the kinetic energy into static 
pressure, 

The nozzle block vas constructed of laminations of 
wood. The discharge section of the nozzle block was in the 
shape of a rectangle measuring eight inches in height and 
one and one-quarter inches in width. Photographs of the 


есеје test rig are shown in Fig. 4 and Pig, 5. 
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Figure 6 shows a horizontal cross section of the cascade. 
The tunnel base, covers and pressure tap slider were con- 
structed of clear plastic. Located between the inlet guide 
vane assembly and the test vane assembly, the pressure tap 
slider was drilled to permit entry of pitot-static tubes and 
angle measuring rrobes into the fluid flow. Wovement of the 
pressure tap slider in the vertical direction was made poss- 
ible by the use of several long narrow slots machined in 
ET portion ol the pressure tap slider which overlapped {he 
cover. Brass studs were fitted througn these slots into 
holes drilled and tapped in the cover. Nuts were used to 
apply a clamping force which held the pressure tap slider 
ЕЕ ИБ тле cover; 

The test vane assembly was also constructed to permit 
vertical movement of the assembly upon the release of a 
clamping force applied by the method previously described. 
The vertical movement of the test vane assembly allowed posi- 
БІЗГШЕІР of the vanes as a group with respect to the npperzer 
lower wall of the cascade. In addition, the test vanes Were 
individually mounted to permit axial positioning for various 
el SGI incidence. Figure Y shows this construction 

Originally, the upper and lower walls of the cascade 
Were constructed of thin sheet brass which permitted some de- 
sree of до in forming the contour of the upper and lower 
walls. The desired wall shape vas obtained by securing the 
sheet brass side valls to pieces of masonite shaped in the 


desired configuration. Due to the difficulty in obtaining 


146, 





*ATquessy Jeprrs dej 
а =9 4aueA 3591 -4G f£1ar09 -y “Аташезву ецед səl -E ¿£TqUISSY SUBA Spray зетчт -г 


fogeg [euun] -I :3uUTAOUS ерговео jo UOT OES 8504140 [Te UOZTIOY 9218 [TINY '9 99814 


i УУК de 


O E 
И ИЕ И ЛЕТА —— VEAN A AYESSSSNENS з 


Ааа MMMM 


уу” И КУ 人 „АЛ LLL, 
QS Y 
® / 


2 











m E ond | 
— У m—— au q ada ~ ~ ors 3... 4. A" 
| e ИГЕХ ВЕДАЛАР ДЕА û Ek bh ӘР 
- - 












Fisure 7 — View оғ Сазслов Ономиме: (2) Incer Guioe Vanes › 


(6) Test Vane Ho.oer, ©) SHEET Brass WA... 


| 





the proper static pressure profile downstream of the inlet 
guide vanes, this method of upper and lower side wall con- 
struction was rejected in favor of walls formed from solid 
blocks of wood. Figure 7 and Fig. 8 illustrate the use of 
sheet brass for upper and lower walls. Solid wooden walls 
are shown in Fig. 9. 

The inlet guide vane assembly is shown in horizontal 
cross section in Fig. 10. Plastic was used in the con- 
struction of all parts of the assembly with the exception of 
the guide vanes and the turbulence screen. Figure 11 is 
view B-B of the horizontal cross section of the inlet guide 
vane assembly. In this view the zero degree guide vanes and 
only a portion of the turbulence screen were shown to pre- 
serve clarity. Section A-A of the horizontal cross section 
of the inlet guide vane assembly is shown in Fig. 12. In 
this view the guide vanes have been shaded in an attempt to 
make them distinguishable from the slots in the upper guide 
vane cover. The zero degree guide vanes are shown in this 
figure. Figure 13 illustrates the guide vane profiles for 
30, 55 and 65 degree approach angles of the flow ahead of 
the test vanes. The 55 degree guide vane profile was used 
in this investigation. 

The inlet guide vanes can be fabricated quite easily 
for any flow angle change desired through the inlet guide 
vane assembly. However, corresponding upper and lower 
Pee уле covers must be machined. In addition, the con- 


figuration of the upper and lower walls is different for 
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(6) Axcıe MEASURING Device. 
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Figure 11. View B-B, Full Size, of Inlet Guide Vane Assembly. 
Cover Plate Not Shown. 
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Figure 12. Section A-A, Full Size, Of Inlet Guide Vane 
Assembly, Cover Plate Not Shown. 
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each flow angle. This requires that appropriate masonite or 
wooden contours must be provided for each set of inlet guide 


Manes, 
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3. Description of Measuring Devices. 

The lead screw device, shown in the foreground of Fig. 4 
and Fig. 5, served as a support for the angle measuring de- 
vice and controlled the movement of the pressure tap slider. 

With the angle measuring device the angle between the 
fluid flow in the cascade and the horizontal direction was 
determined. This device consisted of a pointer attached to 
an angle measuring probe. The tip of the angle measuring 
probe is shown in cross section in Fig. 14. Three holes 
drilled from the outer surface of the tube connected to pip- 
ing brought in from the opposite end of the probe, The middle 
hole was used to measure the total pressure of the fluid flow 
in the cascade, Pressure leads from the two symmetrically 
located holes were placed across a differential manometer, 

As can be seen from Fig. 14, if the middle hole is not lined 
up in the direction of the flow the pressure measured by the 
symmetrically located holes will not be equal, hence, there 
will be an unbalance in the differential manometer. The 

flow angle can be measured by turning the probe until this 
unbalance is removed, and the pressure measured by the middle 
hole then corresponds to the total pressure of the flow, 

The flow angle at a particular probe position was deter- 
mined by reading the vertical distance on the machinists rule 
as indicated by the cross hairs on the pointer. As the dist- 
ance from the axis of the angle measuring probe to the 
pointer cross hairs was known, the angle was readily deter- 


mined by trigonometric relations. Reference to Fig. 8 shows 


2al 








12 holes drilled thirty degrees apart on the scale arm of the 
angle measuring device. These holes were drilled to permit 
an initial angle, some multiple of 30 degrees, to be preset 
into the angle measuring device, This construction had two 
advantages: it permitted the measurement of widely different 
fluid flow angle, and it reduced the magnitude of the angle 
to be measured by the machinists rule-pointer arm method to 


an angle of less than 15 degrees, 
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4. Derivation of the Force Acting on a Test Чопо, 

For purposes of analysis the flux of matter through a 
"control surface" is observed, The surface may be of arbitrary 
shape but area S must be completely filled with fluid. The 
volume, or region, enclosed by the surface S is denoted by R. 
Fluid flow enters the region R through surface Š, at station 
l and leaves the region R through surface So at station 2. 

At no other station does the fluid flow cross the surface S, 


Figure 15 shows such a flow field. 





Figure 15. Fluid Flow Through a "Control Surface." 
Surface Area is S, Volume of Region is R. 

The momentum theorem can be stated for the flow in the 
following manner: The net force acting upon the bounding sur- 
face S of a fluid enclosing a region R is equal to the trans- 
port of momentum out of the region R minus the transport of 


momentum into the region R, plus any change in momentum due 
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to non-steady flow conditions within the region R, where these 
quantities must be added vectorially. 

The forces acting on the fluid are of two types, surface 
forces and volume forces. Surface forces are caused by the 
presence of some type of medium adjacent to the surface S 
which encloses the region R. In viscous flow there can be а 
static pressure P acting normal to the surface S and a shear 
stress 7 acting parallel to the surface S. Volume forces 
[ште solely to gravity effects, if electric and magnetic 
forces are ignored. We will represent the gravity force by 
the vector G, 

Considering the fluid flow shown in Fig. 15, the momen- 
tum theorem may be used to write the folloving vector equation 


between the inlet at station 1 and the outlet at station 2. 
ES | vj + $4m,Vo 7 (dm, V, = |5 + f-ér dS + G СТ} 
Ё 5, 5, S S 


An element of surface area is denoted by Yi dS, where N 
is a unit vector normal to the surface S that points away from 
the region R. The velocity which transports matter through 
the element of area Nd$, is V， so that the rate of flow of 
matter dm, through d5 is 


ae = п- Мр 45 (2) 


The normal pressure is directed inward, so that, if N 
is the outward normal to the surface, the force acting on an 


element of area,is given by -MPdS. The total force acting 


2 





on the fluic in the region R dve to the pressure Р 15 


ra 


rhe shear stress FT acting on the surfece S is opposing 
pe flo of the fluic through R . Therefore, if t is the 
Unat vector parallel to the surface S and orthogonal ton , 
the force on an element of area dS is riven by -6 145. Тһе 


total force acting on the fluid in the region R due to tre 


E, * (-erds (4) 
5 


Faving applied the momentum theorer for a completely 
mera case, it will now be applied to the fluid flos through 
a cascade of test vanes. Tne basic difference in the appli- 
cation of the momentum theorem in tne two cases will Бе the 
existence of forces exerted on the fluid flow bs the test vanes 
of tne cascade. By using the momentum theorem an equation 
Containing these forces can be written. This equation may be 
ШООК | Od to permit colving for the force of the vrofile on 
НИ о f1o7. Іп practice, The equal end opvosite aeaction, 
ung СЕСЕ of the fluid flow on the prorile, is of Interest. 
ШООК аст 1311 be taken into consiceretion in the succeeding 
Peri vation. 

Figure 16 shall refer to a flow of an incompressible 
Fluic through a row of stationary venes. The constant den- 
ШІСІ Бро за is P slurs/ft.- The vane sp"eins in tae 
direction of tho rou is # feet. The chord of the vanes is 
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< feet. The so-called solidity of the cascade € is the 
ratio </¿ • 
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Figure 16. Flow of an Incompressible Fluid Through 
a Rov of Stationsry Vanes. 

The area of the control surface consists of the areas 
of the six sides of the prism ABCDEFGH and the surface area 
of the vanes profiles Sp: The region is the volume of the 
prism ABCDEFGH less the volume of the vanes. Inflow of the 
fluid at station 1 is through the surface Sı, which is the 
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area enclosed by the rectangle ADHE. Outflow of fluid at sta- 
tion 2 is through the surface 85 which is enclosed by the rect- 
angle BCGF. The height of the prismatic control surface at 
station 1 is h, feet; at station 2 the height is h, feet. The 
unit vector normal to the surface at station l isn ; at sta- 
tion 2 it is N, and on the profiles it is "i . Positive 
sense of these unit vectors is away from the control region, 
The unit vector parallel to the surface is t, at station 1, 

D at station 2 and £s on the profiles, It is assumed that 
the control surface is completely filled with fluid and that 


there is a continuous velocity distribution within the region 


Re 
Applying the momentum theorem between stations 1 and 2 
gives 
а " E р _ 
521 Sem yj tf don Ve j^ V = #45 + |-е TdS + G (5) 


5 
For an assumed steady flow there is 8; M v] = 0 
For gases, such as air, the weight G of the fluid within the 
control surface can be ignored with respect to the inertia 


forces. With G=0 , Equation (5) becomes 


Ја, ~ S dms V, = [mps о (6) 


The right-hand side of Equation (6) can be written 


fon dS v [-er45 = rd t (-*, 45, + Er dS, 
5 | s | 


FJ dS +0 BdSp + §-t,%d5, (7) 
S, $, s. 


28 





For regular velocity distributions the shear stress integrals 
at stations l and 2 can be ignored. The last two terms of 

Equation (7) represent the force exerted by the vane profiles 
on the fluid flow. The force F exerted by the fluid flow on 


the vane profiles can be written 
-F = 1-%,,45, (СЕТА (8) 
р 5р 
Using Equations (7) and (8) we can rewrite Equation (6) 
Р = |а, ў im Va ята, + вас, (9) 


The force F and the velocities V. and ү, are vector quanti- 


ties. In terms of their ¿ and j components they are by 


definition 
F = lfa + у fu (10) 
Из тИ, + РИ, (11) 
V, = 2 Va, +3 Va, (12) 


The equations for an element of area at station 1 and at 
station 2 are 
d$ s h dz, (23) 
dS2= had Xa (14) 
The mass flow rates through an element of area at stations 1 


and 2 are obtained from 


Дана: = h, P А dz, (15) 


16 
dm, = ha f Vaz dzz (203 
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Utilizing the above relationships, Equation (9) becomes 


4, 4, 
Eh tf ha = Shp Vode (Zt fl.) + È Zh pdz, 
о 
- [2% pdz, - i Chha) fr. te 
еи 2. J таг, s № 4.2 


=} b; f Va, dx, (2 K. + Z V, ) (17) 


Equating the Z components of Equation (17) we may write an 
Expression for the axial component A of the force exerted by 
the fluid flow on the vanes. Тһе 2 components yield an ex- 


pression for the tangential component FE, « 
AM, 7 p" 
Fa = Ship Vac MN 
<, Shug Va дъ, + кеч, Јат, dx; 
(ћ,-Ћ; ) ^ Az 
на = [| та» M Z dx J 


18 
-Shp dx; 


(19) 


vee 


= Sng Vo, Voy d2, - - [ри dez 
The magnitude of the force F is obtained from the axial and 


tangential components by 


= V e EY (20) 


Referring to Fig. 17, the angle between the force F and the 
tangential direction is denoted by the symbol 2 sS ana IS 


found from 


_ u 
p= tan Fu (21) 


Equations (18) and (19), as written, determine the force 


exerted by the fluid flow on one test vane if the integration 
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is carried out over one vane spacing #, or on A test vanes 
if the integration is carried out over A test vane spacings, 
A not necessarily being an integer. Consequently, to deter- 
mine the force exerted by the fluid flow on one test vane 
while carrying integration out over À vane spacings, Equa- 


tions (18) and (19) are modified as follows: 





À, 4, А, Ал А, wz 
ће = te | и dz, + Во | та, Е he (nd, 
A2 “о 
42-4 hap Аг 45 
- ®зә[; | жа» +, ]- «tf $ 
Bis. hp (22) 
h А, 24 h p Az 2, (23) 
= Она == 
m ^ ) Va, Va, dx, А; | Va, V ع ر‎ 





Figure 17. Illustration of the Angle ф ° 
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5. Derivation of the Drag Coefficient of the Test Vanes. 

Having established the force exerted by the fluid flow 
on one test vane and its relationship with respect to the 
vertical, the next step is to resolve this force into lift 
and drag components acting in perpendicular and parallel direc- 
01005, respectively, to DS the average of the velocities at 
stations 1 and 2, VitV2 . Due to the fact that the velo- 
cities at stations 1 and 2 vary both in magnitude and direction 
along the test vane spacing at these stations, there 15 no 
suitable velocity upon which to base ve 2 А location in tie 
fluid flow must be used where conditions of pressure, velocity 
and fluid flow angle do not vary in the direction of the test 
vane spacing. Such a reference location may be determined 
by the application of the momentum theorem between station 1 
and a location upstream of station 1 where conditions of 
pressure, velocity and fluid flow angle are assumed to be 
uniform. This location is designated as station O, “ith the 
continuity equation, the momentum equation may be solved for 
the pressure, velocity and fluid flow angle at station O, 

The same procedure can be employed to determine the con- 
tions of pressure, velocity and fluid flow angle, also 
assumed to be constant in the direction of the test vane 
spacing, at a station far downstream of station 2 which is 
designated as station 3. The velocities Vo and V3 may 
then be added vectorially to obtain the average velocity Vo 
to be used as the reference for the resolution of the force 


F into lift and drag components, 
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Figure 18, Control Surface for the Application of 
the Momentum Theorem Between Stations O and 1l. 


Figure 18 shows the control surface for the application 


of the momentum theorem between stations O and 1. With the 
same assumptions as used in the previous application of the 
momentum theorem, and noting that fF, and Б, are zero be- 
tween stations O and 1, and that K=h, , we can rewrite 


Equations (22) and (23) 


À, + 


А 4% A, Ar Ac +0 
о ° | ho = h, e = (24) 
he Sin у, [та + МЕ (ма, c SE мечето 


hof Ле » hi (25) 


о 
r(" 
E Vag Vw, do = اوا‎ Ма Мо, dz, = 9 
o 


o 


By assumption Va,» Vu, and A do not vary; therefore we 


may simplify Equations (24) and (25) 


2, 4 3 h. P А, 44 
пола Хо 7 x. ID a hep Vox, кока SE | we du = 0 (26) 
° 
А, 44 
hop Va Viv, Lo 7 bs fy И ду, = О | 
о Уа» o ^9 N, / Qu, 6 ! (27) 


p 





The velocity Va, may be determined by the application of the 
continuity equation between station O and 1, 


“тт "по, 


А, Ау, 


ТА > ik 
РКУ, х, ЗЕ | мат, 
© 


A, A, 
h, 
Е МЕД ма, (28) 
Ро Хо 
Equation (26) can now be solved for 


А, 4 №, 24 


о = x f Pdz- ho f Vor Lo + = | Vos dz, 
ho Lo 524 


From Equation (27) 


А, 4 
E мм. ча, 


h. f Vas Lo 


Va (30) 


o 


шш 


Referring to Fig. 19, the angle between Və and the horizont- 
al, & , is by definition 


Bo = tan” Ves (31) 


Wo 
The magnitude of the velocity Vo is found from the axial and 


tangential components by 


Vo = (+ (V... Y (32) 


The momentum theorem is applied between stations 2 and 
3 in the same manner as between stations O апа 1. The results 
are 
Àz We 
hat f 
In A Van dan - | (33) 
раз Хэ 


= 
в, 
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А, 4, 


А2 “а 
b; < 
B = El mide b pa. Ll Kide 
I (34) 
Az 42 
haf 
Vaz يده‎ г. 
V HE S Vaa Vag dea (35) 
hee ae Юз 
(3, = tan” Vu, (36) 
Wars 
И, = | Car TS A (37) 
Figure 19 


illustrates the relationship of the velocities 


V, , V3 and Vy , and the resolution of the force F into 
lift and drag components. | 





Figure 19. Illustration of the Velocities Vo , V3 and 


Vo , and the Resolution of the Force F into Lift and 
Drag Components. 
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The Velocity V. is 


ОО уш 


Ма = 3 Va + j Vasos 


Ve = (уке) AY VIS 
Woo = Cut ar d Ole Y) (38) 


The angle between V. and the horizontal, shown in Fig. 19, 
is 


— е Vwo 
6,2 Хал т (39) 


The folloving expressions for the lift and drag force acting 


on a test vane ean be determined from Fig. 19. 


L= F ce (/&- ¢) (40) 
The equations for the coefficients of lift and drag are 
С = - (42) 
Z pl. < V 
Ger c NEM (43) 
рл с Vs 
where h ~ baths (44) 
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6. Derivation of the Drag Coefficient from Thermodynamic 
Relationships. 


In this section a relationship for the drag coefficient 
will be derived with thermodynamic relations which will then 
be modified for applications to incompressible flows. With 
these derivations it shall be shown that the data obtained for 
incompressible flows in cascade test rigs can be used for com- 


pressible flows also, as long as the Mach numbers are small. 


o 9 
Да i 
4, ud y 
Tfi Р, 


Figure 20. System for Calculating Energy Relations 
in Flow. 
For the system shown in Fig. 20, 1t can be shown that the 


general energy equation for steady flows can be written as 


yk A VO (45) 


2 
2 
Where Y is the heat exchanged between the system and its 
surroundings, A, is the enthalpy of the fluid at station 1, 
4, 16 the enthalpy of the fluid at station 2, V, is the velo- 
city of the fluid at station 1, and Ve is the velocity of 
the fluid at station 2. For adiabatic flow where го, 
there is from Equation (45) 


Arte hes, = 
p 





For steady, adiabatic flows, and ignoring gravity effects, 
there is : 
А + 2 У constant (47) 
For perfect gases 
C,T «4 V» Constant = Cp Ty (48) 
where Ср is the specific heat at constant pressure of the 
fluid and 76 is the reservoir, or stagnation, temperature. 
Additionally, for isentropic flow 
P РА ут х 
? = 4 = (= (49) 
where the unsubscripted values of pressure, density and tem- 
perature refer to local values at some point in the fluid flow, 
mu the subscript S refers to the stagnation, or reservoir, 
values. Y is the ratio of specific heats A, 。 
To express the ratio TA for non-isentropic flovs, 
the relationship аё = (RT for the speed of sound is substi- 


tuted in Equation (48) 


A 
V, e. Z (50) 
В x-1 


where Ка is the gas constant of the fluid. 
“Multiplying Equation (50) by a 





& 
КЕ < = /了 GL Nf (1, 
а. 


With Equation (51), the expressions for isentropic processes 
of Equation (49) are 


fs = (i+ м“) 
T 


Y, 
2 


(520 
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F г Да 
== (А) | (53) 


where M is the Mach number Ж : 


Емтимру 





ENTROPY 


Figure 21, An Enthalpy-Entropy Diagram of the 
Fluid Through Cascade for Decelerated Flow, 

An enthalpy-entropy diagram representing the conditions 
of state of the fluid through the cascade is shown in Fig, 
21, The static pressure at station O is R , at station 3 
it is 7$ . The stagnation, or reservoir, pressure is PR, 
at station O and 754 at station 3. For adiabatic condi- 
tions, the total enthalpy &, remains constant between 


stations O and 3 as no energy is added to or dissipated 


БИ 





4 
2 В (+ КМ) (60) 
Aso 
ñas AR (+) (61) 
Subtracting Equation (60) from Equation (61) 
ВЕ у - У, 
Бо” Бэ” zak, ) (62) 
Using a = y Ry Ко » Equation (62) is 
gos E, A^. (5-1) (63) 
Ко Тео 
With f-fR,T , A (63) 15 
Bo IR- PI 4) T. (64) 
Solving Equation (64) for ЕР 
срам = ШЕТІ Fs.) a (65) 
Multiplying Equation (65) by Y 
(=й) = Р = 76 (66) 
Using Equation = Equation (66) is 
(1-7) - ( f$. - Ks) (67) 
% Vzen 
With Equation (67), Equation (56) is 
+ = ( То t) EN (68) 
E Vo 


Ich 


4] 





from the flow. If the fluid flow vere frictionless between 
station O and 3, the exit kinetic energy of the fluid would 
be Vier . However, with friction, the exit kinetic energy 
of the fluid flow will be smaller, say, equal to үз 2 ІЛЕ 
loss of kinetic energy due to friction can be represented by 


the loss coefficient 


4 
е 


2 
f = 48 - V (54) 
a 
Va, 
Further, introducing the blading efficiency N , where 


ve 
N= Дин (55) 
there 15 2 с (56) 


The static pressure and the velocities may be related by us- 


ing Equation (52) along the respective lines of constant 


entropy, 
“ г Y 
ЖӘ L^ 
Ға 2 (+ "E M]) = (+) 
E | (57) 
Y 
Y VAN 4 
С - 2 3 
Жо. (1+ E M. ys (ie e Ма) (58) 
ТА A zen 
Using Equation (55), Equation (58) is 
y 
2 | 
Бе (ук кт э, 1" (59) 
Ta S Ха; 


For incompressible flow р- Рр: р , апа дз д), ао. 
Equations (57) and (59), of the form ae can be expand- 
ed by a binomial series. Neglecting terms of x^ and high- 


er powers oi m, 
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From Fig. 19 and the application of the momentum theorem 


between stations O and 3, for d< J, = 4, and ho = hathı 
2, 


= Law AD eco Bd, = wh, (BR-B)+ poh, Va,- h, Ven ) (69) 


р СА Мо М, БММ.) (70) 


Fu = Leow Baot 0 ао 3, 


Multiplying Equation (69) by -cee/$, and Equation (70) by 


Aun £, апа adding 
О = Ahur (72-6) очу – ра, (Аз Van h, Va, ) Со Ф, 


ар СК М, А Ма Мо.) Aid Bo (71) 


2 
With D = Co $ Д hc Equation (71), after dividing by hu; 


15 


Б 4 
Cof, V € - (5-5). e A - РО: №, - е №, ) о 





+ РС Ya Vwo — 2 vo: Vw, ) an Aus (72) 
Solving for ( -£A ) from Equation (65) 
- ( ho- Ra) = (2-)+ VEO 
Sa yz Se Vi 
or 
(8-R)* $£V; - ZOC- V) (73) 


Substituting Equation (73) in Equation (72) and dividing by Ж 
a 2 2 
C, V. < = Ë V; ceo &, - (W - У) се Be 


4 е 
= 2( 52 Va,” De Ма) ceo f, 


t aC TE Ve Vao- аз Уа, Уа) au 5 (74) 
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From the continuity equation, the mass flow rate must be the 
same at all stations, 
ОҚ ОЗ ПЕ ск 


ho Va, X = ha Vaz do V8 ма 
Va = = Va, 一 Wt Vas (75) 


With Equation (75) and on M VE , Equation (74) 15 
ТА (VV ү) 
E 3 


-z We (Va -V V 
RE 94, + 2 n (76) 
Substituting vc Van. Hs Vis: 


e 2 2. 
E 


and Vaz Mo roba, Equation (76) is 
2 e ~ г 
Бо = ЕМ v Cl E ша 


eo 


2% к (Vay Va, ee D, + Z (ViVa) Vo cofa am By (77) 


2 
substituting W = =. in all terms and Vw,=V, =~ Ay, 
eo 
in the last term, Equation (77) is 
E 5 e, ТА е (Vas + Vans = Var - Мал ) ر‎ 


Va, 


ша Varo (Va, - Vor, ) +2 ЖОЛ | (78) 


HICH Va > Yost an £ e-3 Equation (78) can be expanded to give 
the result 


2 
С ~ Е Vs Сед en 


D "^a 
c n 
а, о), 


209 
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Substituting the solidity of the cascade o = = and 


A 
Va, 


го 


< 


VS коа _ у Equation (79) is 
E NA. ) 
Со = (2 г бы (80) 


The drag coefficients obtained from Equation (80) for 
incompressible flows can be used for compressible flows if 
Mach numbers are small. Table I shows the exact value of 
tify, calculated from Equation (57) and the approximate 
value of за, calculated from Equation (60). Also shown 
is the approximate value of б, minus the exact value 


of УДА 5 





TABLE I 
COMPATISON OF APPROXIMATE AND EXACT VALUES OF А 






APPROX. 
DUS 
ENCL 






APPROX. 














0.0025 1.0001 1.0018 





COOOL 

















0.0100 1.0006 0.0064 





1.0070 









0.0225 1.0611 1.0158 0.0147 





















0.0400 AS OG 






070257 




























0.0625 1.0036 1.0438 0.0402 
0.0900 HUS 1.0630 0.0582 
051225 1.0069 1.0858 0.0789 









0.1600 Шо 





1.0091 DOT 


0.1314 














1,0104 1416 





0.2025 











(e Data Required for Determination of Cascade Performence. 
The equations derived in the preceding sections may be 
solved knowing the values of static pressure f and the 


quantities V, V. Vu and М, . Introducing the total press» 


в, - p+ £ V° 


(С) 
there is Е 
МА (0-Р 
f (%-F) (82) 
som Fig. 22, 
„= М се d 
Y (83) 
(ЖШ V aiw of (84) 
il Y 
|. 
A x 
Va 
Figure 22. Relationship of Velocity V and Angle 
oe таза Flow d& . 
From Equations (82), (&3), and (84), 
Vo" = Vices? = 2(%-”) са (85) 
М... = VČcood aiw d= Y (R-P) coud aiw d (96) 


Values of static pressure 7% , total pressure 75 
and the angle of fluid flow A were measured at station 1 
which is located between the inlet euide vanes and the test 
vanes, and at station 2 downstream ор vaneco C 
surements were taken at blade heights of one-quarter, опе- 


half and three-quarters. 
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医 и ет ° ° e е 
г. static Pressure Distribution in the Састав, 


It is essential that the static vressure distribution 
ahead of the test vanes is constant fror urver wall to lover 
pelt. Therefore, prior to mounting the cascade on tHe nozzle 


mel, Surveys of total pressure Т апа dynaric rressure fp 


© 


mere taken in a vertical plane at the dischar@e of the rect— 
angular nozzle, that is, without guide and test vanes. The 
initial survey, shown in Fig. 23, indicated several rerions 
EN rLTrorularity in the wrofiles. These irrefularities vere 
rerioved by increasing the resistance encountered ^y the fluid 
EE t tne diffuser discharges This was accomrlisree Ву 


> 


placins additional screens of finer mesh between the aiffuser 
iuischarge and tne inlet to the settling chanber. Details of 
Meeeccereens are shown in Fic. 24. Initially, tio 40 meas Den 
neck screens were rlaced betveen the diffuser cischerce and 
BHO cttling chamber iniet. The final Pressure "vo ше 500% 


иа. 2, пас determined with the follovine screen NDS 


Ca 


ments: one 100 mesh per irch screen, tuo SO mesh per inch 
mereenam anc tio 40 mesh rer inch screens. 

Ore cascade wes mounted on tne daiserñsres C j n с 
Bn le bloc". Surveys of total and statice vrescuro Vea 
meee cecueen the inlot ruide. vanes and the tesy. vaner. 
EI "o тие total end static Rressures Iron тас er 
МАТЕ а геувајес thot tho static гребомРонољс с о рог ес си 
је test vanes was not uniform, ТІП 12 Dos tne 
static Pressure varie? from a value of a minus one inch of 


water to above zero incnes of vater. At this point the test 
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wenegemore removed from tne cascade and data were talzen to 
КОШОТ ле the static pressure after the inlet cuide vanes. 
These data, snown in Fig. 27, again revealed an unsatisfactory 
lic pressure profilo. Assuming the difficulty in obtain- 
ing the prorer static pressure profile to be associated with 
mee contour of the upper and lower Walls, these walls were 
removed anc the static pressure rrofile after the inlet guide 
vanes Was measured to find out how it differed from that 
originally measured with the entire cascade removed. Plots 
Se ese data vere favorable, indicating a region of constant 
E Lice pressure extending about tuo inches on either vide of 
tne certer of the cascade. 

Having thus determined that the contour of the upper and 
lover wralls largely determined the rrofile of the static 
pressure, it was set about to find the influence of various 
wall contours on the static pressure trofiles, This was 
accomplished by holding the contour of the urper wall fixed 
ШО де verying the contour of the lower vall. “hen a satis- 
factory static pressure profile was obtained over tne lover 
portion of the channel, the contour of the lover wall mas 
helé fired and the contour of the upper wall was varied. 
Using this trocedure it was possible to ontain а satisfactory 
ue ue pressure profile over the majority of the Test area 
with the test vanes removed. Figure 28 shots the effect of 
varying the contour of the lower wall while holding the соп- 
tour of the upper wall fixed. The notation ll anā 5 used in 


these figures refers to upper wall contour 11 and lower wall 
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contour 5, respectively. Figure 29 shows the various lover 
wall contours used. From Fig. 28 and Fig. 29 it is seen thet 
decreasing the distance between the upper and lover walls in- 
Presses tae static pressure over the bottom four inches of 
the channel, but has little effect on the static pressure over 
the upper four inches of the cascade. Increasing the slope of 
the lover wall has the effect of bringing the contour of the 
Ше J Wall closer to the streamlines of the fluid flow at the 
bottom of the channel. The expansion of the fluid is thus 
neduced, resulting in a static pressure increase. 

нтриге 30 shovs the effect of varying tne contour ar tee 
upper wall while holding the contour of the lover wall fixed; 
Figure 3l shovs the contours of the various upper tall con- 
tours used. From Fig. 30 and Fig. 31 it is seen that de- 
mM Singe the slope of the upper wall, thus bringing the con=— 
mour of the upper wall closer to the streamlines of the flui¢ 
ШИ 22 the top of the cascade, had ats major eifect on the 
unper four inches of the channel. It also decreased slightly 
mae static pressure at the bottom of the cascade. Additional 
adjustment of the contour of the upper and lower wall re- 
КЫП ГОП їп а satisfactory static pressure prot COME NND 
casesde investigations the contours 14 and 6 were used for 
upper and lower walls, respectively. 

At this juncture the test vanes vere reinstalled in the 
cascade and a profile of static pressure Was obtained after 
the inlet ruide vanes. This profile, shown in Fig. 32, 


again vas unsatisfactory. It can be seen from this figure 


55 





-- E E 
ERR 


НЕ 


БИ 


سر 


Е 


ЕН 
了 


- : ў ! 2 1 i 


ји да, 
ПТИ: 
hot 








Er 
ыт 











ete 


EI 


+ 


一 小 


ШЕ. » ща j 
Pappaer EY 
| АЕ 





n 





EL Р 
Г 
l Еи 


y 
5 








m 





that the over-expansion of the fluid flow ^t the top of the 
cascade resulted in a decrease of static pressure, while the 
under-expansion of the fluid flow at the bottom of the саз- 
cade resulted in an increased static pressure. These effects 
pere cue to the action of the test vanes in turning the stream- 
Exuos of the fluid flow downward as they vassed around the 
Meee venes. This condition was eliminated by notching avay 
that portion of the upper and lover walls downstream of the 
ШО ord of the test vanes. In addition, the contour cf the 
lower vall was adjusted in steps until it conformed with the 
Shape of the streamlines of the fluid flow at the bottom of 
tne cascade. Figure 33 shows the final static pressure pro- 
ile, Figure 34 shows the various lower wall contours used 
Die obtaining this profile. 

и пар tie wall configurations indicated іп Б а hg 
flow aroperties ahead of and after the cascade of test vanes 
were then determined. Figures 35, 36 and 37 show plots of 
representative values of total rressure — , static pres- 
sure P and flow angle q , resrectively, measured ahead of 
the test vanes. Figures 38, 39 and 40 show plots of the same 


auantities messured after the test vanes. 
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te Blade Loading Limit. 

Bor a cascade having a fixed ratio of о ОО M OD 
the same fluid outlet angle, increasing the angle of incid- 
re of the blades vill increase the enfle of deflection oí 
mie flow across the cascade, This is normally associated 
with an increase in the lift/drag ratio. However, if the 
meee OF deflection erceeds certain lir i Oi Bin Pp e 
Ec decreases. This stalling limit is of importance for 
the design since it establishes the permissible maximum load- 
ШІ ОТ the blade. То estimate this (loading xni RED. 
Carter3 hes given an empirical relation which takes account 


Of the blocking effect of blades of finite thickness. 


2* (tan 9 - tov) ee 4s, СС constant (87) 


coo Pw fe ¬ BÉ aec h, 
A 


where Æ is the mean effective thickness of the blades, 

Mae blades installed in the cascade sod гате за тев 
WCE 65-(19)10 section. They are FACA 65 Series airfoiis 
vith a design lift coefficient of 0.15 and a maximum thick- 
ness of ten ver cent. The constant for zero blockage can be 
taken as 1.38. In addition, a value of 5 dee BO ae 
recomrenced by Carter for blades of ten per cent tnickness. 


Substituting these values in Fquation (87) 


eg с 4 = © 
ОТ Са sa, 


кә 


3.7.5. Carter, Author of Cosptor a, Las Turhine Principles 
and Practice, Sir Frrold R. Cox, Editor, О, “an Поеращо Сет 
vi 4 t^ 
рр. 5-16---%-19,195:. 
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2 
"ith 4^ - Z , and multiplying by 9 


Z >» Ұапабіоп (87) is 


2 
(é an f, -Éan Ba) соз у EEN ол 275 (89) 
ce» S. 6-0 
Tulitiplying by 6-06 , there is 
© 
(бал 4 ~ бол 8, ) е 5 012s 0(0) (20) 


مم 


Eng 2/, the solidity of the cascade investirated, there is 





2 
(tan A: tan A) i А (01) 


Ceo /3,, 

“veluating the left hand side of “quation (91) using the 
values of A, 4. апа Гоа determined trem tae tect Gata, tae 
values of the blade londing sre 0,442 at one-quarter blade 
height, 0.468 at one-half blade height and 0.472 at three- 
Querters blade height. These values are less tran tne vermiss- 


ible maximum loadins of 0.5625 specified by Carter. 
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пе. Results. 

The results calculated from the test data are shown in 
Table II. Table III contains a comparison of these results 
with those reported by Herrig, Emery and Erwin in NACA TN 
39164. Figure 31 of TN 3916 shows the turning angle АВ , 
drag coefficient C, , lift coefficient C, and the lift/drag 
ratio t/j plotted as a function of the angle of attack Х,, 
for cascade solidity 9 -/ . The angle between the inlet 
flow and the horizontal /4 was determined to be 47.7 degrees 
and in TN 3916 this angle was 45 degrees, The Reynolds num- 
ber of the flow in the cascade was 72,000 compared to a 
Reynolds number of 245,000 for the flow in TN 3916. The lift 
coefficient calculated from the test data was 0.58 while in 
TN 3916 the lift coefficient was 0.845, The drag coefficient 
of the test vanes was 0.050 compared to a value of 0.014 іп 
TN 3916. The value of the turning angle AZ was evaluated to 
be 16.1 degrees whereas in TN 3916 the turning angle was 
found to be 29 degrees. Based upon the plots of drag co- 
efficient and the lift/drag ratio as functions of the angle 
of attack, TN 3916 indicated a design angle of attack of 14.5 
degrees. Lack of data for angles of attack other than 20.2 
degrees precluded the prediction of a design angle of attack. 

The large value of the evaluated drag coefficient may 
primarily be due to the lower Reynolds number of the flow in 

4L. 7. Неггір, 7. С. Ешегру апа 7. R. Erwin, Systematic Two- 


Dimensional Cascade Tests of NACA 65-Series Compressor Blades 
at Low Speeds, NACA TN 3916, February 1957. 
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Equation 
28 
29 
30 
D 
32 
ЕБ 
34 
BO 
36 
27 
38 
36 
38 
E 
22 
23 
20 
2L 
40 
41 
42 
43 
67 


TABLE II 


RESULTS CALCULATED FROM TEST DATA 


Guantity 


Voo 


% 


~ v 


CD 


C, 


0.00044 
62 .2 
30,4 

123 
132 
102 
84.0 
39.4 
0.0545 
0.0914 
0.106 
30.8 
0.016 
0.104 
0.090 
0.59 
0.104 


да 


h= 2 


98.1 
0,0345 
109 
are 
148 
108 
0.00109 
66.5 
Ше 
ey, 
ra 
103 
са 
40.5 
0.0619 
0.0866 
0.106 
За 
0.0096 
0.106 
0.050 
0.58 
ша И 


n=7 


98.4 
0.0348 
110 
48.2 
148 
107 
0.00202 
67.9 
32.4 
127 
ESO 
102 
88.9 
40,9 
0.0566 
050275 
0.104 
зам 
0.014 
0.102 
0.079 
0.56 
0.094 


Units 
Ft/sec 
#/ ne 
ft/sec 
deg. 
ft/sec 
ft/sec 
#/ пе 
ft/sec 
deg, 
ft/sec 
ft/sec 
ft/sec 
ft/sec 
deg. 

# 

# 

+ 

дер 

# 

# 
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TABLE II, Continued 


Equation Quantity h- 2 he} Eu Units 
79 Ср 0.078 0.065 0.068 
Ag 10,6 Пее I50 deg 
c 0,59 0050 0.56 
M о 0.120 OSO 
Ne 70, 300 72,000 72,000 
91 Blade 0,442 0,468 0.472 
Loading 
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Quantity 
e e» 
/% 
F 
Ме 
Са 
Со 


t/o 


АРЕ си 


АВ 


TABLE III 


COMPARISON OF RESULTS 


Evaluated TN 3916 
20.29 20429} 
47.72 ши 

10 Eo 
72,000 245,000 
0.58 0.845 
0.050 0.014 
1276 65 
14.5 

jS 29? 
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the cascade. For Reynolds numbers greater than 450,000 the 
profile drag of a cascade is almost constant and increases 
slightly as the Reynolds number decreases to about 1 50 000; 
The profile drag nearly doubles for decreases in Reynolds num- 
ШЕН trom 150,000 to 75,000. 

Figure 85(a) of TN 3916 shows that the effect of Reynolds 
number on the turning angle 4 near the design angle of attack 
is almost insignificant for values of Reynolds number between 
220,000 and 470,000. However, there is a decrease in the turn- 
ing angle 44 as the Reynolds number is decreased to a value of 
less than 220,000. The decrease in turning angle for flows of 
Reynolds number less than 220,000 was also reported by Rhoden? 
in the results of an investigation of the effects of Reynolds 
number on test vanes of various camber angles. For a flow 
corresponding to the Reynolds number of this test Rhoden found 
AA to be 14,2 degrees for a test vane mean line camber angle 
or 20 degrees, 23.2 degrees for a mean line camber angie of 
30 degrees and 28.1 degrees for a mean line camber angle of 
40 degrees. 

The design mean line camber angle for the test vanes used 
in this investigation, NACA 65-(15)10 section, is 33 degrees. 
Measurement of the mean line camber angle of the test vanes 
by means of an optical comparator showed this angle to be 


әң. G. Rhoden, Effects of Reynolds Number on the Flow of 
Air through a Cascade of Compressor Blades, R & M Ко. 2919, 


June 1952, 
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30 degrees. In addition, the inlet and outlet angles of the 
test vanes were found to be smaller than those of the NACA 65- 
(15)10 section. The deviation of the test vane profile, parti- 
cularly the lower surface of the trailing edge, causes some 
doubt as to the ability of the test vanes to cause flow de- 
flections equal to those of the NACA 65-(15)10 section for 
flows of equal Reynolds number. It is considered that the 
smaller turning angle, and consequently the smaller coefficient 
of lift, calculated from the measured data is the result of the 
deviations of the test vane profile from the NACA 65-(15)10 


section and the lower Reynolds number of the flow. 
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11. Conclusions. 

It is the conclusion of the writer that an inlet guide 
vane assembly incorporated in the inlet of a cascade produces 
a nearly uniform static pressure profile from upper to lower 
wall and a regular distribution of fluid velocity and flow 
angle after the inlet guide vanes. Conditions of pressure, 
fluid velocity and flow angle were as found in conventional 
cascades. “hile the lift and drag coefficients and the turn- 
ing angle do not compare favorably with those published for 
geometrically similar cascades without inlet guide vanes, it 
is thought that this was primarily the result of the lower 
Reynolds number used in this investigation, and the deviations 
of the test vanes from the NACA 65-(15)10 section. 

Modifications suggested in the next section refer to 
methods of assisting the investigator in determining the 
static pressure profile and in increasing the accuracy of the 
angle measuring device and do not change the basic concept of 


the design. 
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ШОО ecommendati ons, 
The installation of static vressure taps in the sido walls 
of the cascade between the inlet cuide vanes and the test vanes 
would facilitate the jnitiel determination of tho static rres- 
abre vorofilo,. "ith these static Pressure tape sracec at interns 
Шо Of, Say, one inch, pressur^ lesds from these stotioc грози 
шише taps could be connected. to a manometer bank." THis “oc nie 
Cation tiould give the investizetor a visual nicture of tne 
Мило pressure profile. Such informatica vould пене о нил 
mor the adjustment of tne upper and lover vall contours of me 


cascade to obtain uniform pressure distributions. An indica- 


f 


tion of the static pressure :irofile across the vidth of the 
cascade could be obtained by placing pressure leads from 
oprositely located static pressure taps across a difierential 
а попеђег, 

t is further recommended that the retlod of unper and 
lover side wall construction Һе modifie“ to рет 6 adjustment 
Seet ie worer and lower wall contours а те thc CaCa тайы 
E ration. As shown in Fig. 41, sue a под са Голи ел а 
consist of rinnine the upstream ends of the upper and tones 
walls as before, but would add a threaded scrow arrangerent 
mo permit fine adjustment. Initial ad тона от АУ 
ana lover walls would be made by rotating the entire wall 

ssenbly about the pinned joint. 
Disrlacement of the upper and lower walls of the cas- 


cede by the movement of one of tno threaded screws will tend 
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“ата -0 он ж. 
-р í4oXxoudg 3Joddng - 
-G Слертон мегтоз рервелчър -y oH LO 38 
f шојјоД -9 "метоз рервелчъ -9 een 
"ren = faootd pug -I :2upaoug чорзвотрррой ттем 


О 
cor, 
е 
) 
Ы , 








to cause an axial rotation and a lateral displacement of 
adjacent support brackets. If the suprort brackets are ririd- 
ly fixed to the threaded screw such moverent is not осе re 
anc sn abrupt change in the slope of the wall vill result at 
each support bracket. To eliminate this condition a channel 
must be nrovided in each support bracket. A roller inserted 
in the channel would rass through the threaded screvy holder. 
The roller, being held in position by the thrended screw older, 
ШО ПО nermit axial rotation and lateral displacement of tne 
support bracket in response to the displacement of adjacent 
portions of the cascade wall. 

Due to іле larpe relative error пип toc Tesei Mana le 
measvrint device in comparison to that of пе аа cromanometer 
Hie as recommended thet it be increased in accursey, ‘nis comm 
be done b- replacing the pointer arm-machinist rule method of 
fmeasirerent vith an arrancement similsr ти operation о Gas 
Of a marine sextant. The angle measuring ггоше vould be паша 


aan toe center oft the device as атое оис ome of re 


© 


scale arm vould be machined in the ere of a ciacle and woul? 
be threaded to engage a уеги сег, The pin arronrem@ent гог 
pre-setting an angle into the device would be retained but a 
levor would be provided to disenrage the vernier from the 
threads on the circunference of the scale arm to nermit rapid 


КО хш dg jusctment, 
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APPENDIX 
ACCURACY OF RESULTS 

It is of interest to investigate the effect of the 
measuring devices on the accuracy of the results. The 
following rules and formulas are given by J. 3. Scar- 
borough . © 

The error in a calculated result may be due to one or 
Boum of two sources: error in the data, and error in the 
Бом аољопо. The absolute error of a calculation as the 
numerical difference between the true value of a auantity 
nna 10S aprroximate value as obtained by measurement or 
асите топ, The relative error is the absolute error q. 
vided by the true value of the auantity and is the true 
index of the accuracy of a measurement or calculation, 

To round off a number is to retain a certain number of 
Ессе counted from the let, mir pre (es 
bombers are rounded according to the following rule: 

To round a number to m significant figures discard 
И клечка to the right of thesen pieces, ¿IP Pin oO s 
Taco umber is less than halfa unit inn ПО mss NM co 
leave the mth digit unchanged; if the discarded number 
іс greater than half a unit in the mth place, add one to 
mem ta odiscit. If the discardea "Mute as exactly Mal a 


UIL TT th place, eave tae it maa Ила сии 


m 


пи oCarborouen, 1 отрегтса артел са Anais 
uc ООЛО орт тесеу Спарси 20 
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it is an even number, but increase it by one if it is an odd 
ЕСЕ „in other fords, round off so as toni ay aA MN 
digit an even dizit in such cases, 

"hen a number has been rounded off in accordance with 


pue above rule, it is said to be correct to m significant 


шиготез, 
For a funetion WSF a o) (A-I-1) of 
several indevendent variables 444, 4M. 45417 dm nich are 


ug, dw, Am), resnrectively, 


Epject to the errors” A, = 


, 

there vill be an error AMA in the function N , according 

p the relation 

NEAN = Сл ваш, пр А وللا‎ ٠.۰ ر للد‎ + Bim ) (m 
Expanding the right hand side of Equation (A-I-2) by 

“б ос hecorom for a Tuncuton Of several. oy able c pom) 

nerlecting the squarcs, products and higher powers of the 


errors Asay, Aw, Aw , the error ANES 


AN = ЗА дол + Зи Ant ut e A ғы (A-1-3) 
i ~ 


The right hand side of Equetion (A-1-3) is the total 
ifferentiel of the function M . For the relative error 


in M ve have 


сос ам. әм ашу, Әм Dem Liu. ӘМ амы )۸-1-4( 
4 N да, N даш N дол N 


Let M be a function of the form 


AM du E (А-1-5) 
% r 
ам с 
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Then, using Equation (A-I-4), the relative error is 


_ АМ _ До. b 
EC ^ m +m SO 4 pat _g2d 26 (А-1-6) 


Since the errors За“ Де аге just as likely to be positive 
as negative, we must take all terms with the positive sign 


Bombe certain of the maximum error in N . The relotive error 


is tnen 
а = | = ем АБВ az Adi де (2-1-7) 
4 | < | ЕМ ШЕ |+| г |25 | 


For the sum of m numbers each of which has been rounded 
ee correctly to the sare place, the error in the sum мау be 
85 great as m/s units in the last significant figure. The 
average of ten or more numbers which are riven to 7w signi- 
meant figures is usually true to art significant figures, 

If 1с the first significent figure of e number ghics 
ЖЕ оггесе to m sirnificant ficures, and 11 Bie DUNSET ICON 
Palins more than one disit diferent from vero, пеп 155 ен 


vover 15 correct to 


т. ~ і significant iy imic masr F = ۾‎ 
m-2 significent firures if #3 /0 k 
ПЕС yy eth root is correct To 
m significant figures if rk = 10 
nsus Significant, 1) ШЕ yk < 10 


The data taken in this thesis consisted of values of 
static pressure PP , total pressure ana апте ш u 
ота t stations 1 and 2. The values of static rressure 


and total Tressure vere read from micromeanometers calibrated 
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СОО inches. The indicatinr Tit asas 
estimated thet the error in reading the total vresgure AR, 
was = 0.003 inches, and that Ар was Z 0.001 inches in 
reading the static pressure. Since the ratio of total pres- 
Seto static pressure vas aprroximately Tour ae station 
ENd—apbproximotely 70 at station 2, the error іп tho static 
pressure Was at least one order of marnitude smaller than 

ШЕ erro, in the total pressure, Therefore, che error nae 
static pressure will be ignored and the dynamic pressure Po ; 
which is the algebraic difference of the total pressure and 
Mee Static pressure, will be considered to nave te same 
error as the total pressure. In measuring the angle of fluid 


7 


low A , the error in reading the machinists rule was = саи 
inches. The length of the pointer arm tes seven inches, Thus 
the error in o& , 4d , was 0.01/7, or 0.°0142? radians. 

"ith the conversion factor from inches of water to pounds 


fem square foot, and substituting the numerical valuc of lyase 


Equation (85) is 


Va = 4467 (13-P) сог? (A-I-B) 
vith ma (A-1-9) 
Eguotion (A-I-2) is 

Ve = 4467 СФ) сш" dL (A-1-10) 


"ith Rauetion (A-I-9), Equation (8€) is 
Va Vu = 4467(%) cow d ха A uc 
раса used та the calcul топо 7 zz me, 092 ET : 
Ма and Va based on measured values of E al A 


stetions l and 2. Table IV shovs representative values of 


95 





То end cd , together with the errors Ad and Af, , wich 


"ill be used to determine the relative and absolute error in 
The relative influe»ce of the microneno- 


vs Yo. Vw dnd Va . 
Will be 


meter error and the angle measuring device error 


shown, 


TABLE IV 
REPRESENTATIVE VALUES OF fp AND of 


Station, I Station 2 
Р, 4,843 o» Io 3.851 ew, 0 
A 47021" 32750 

É 001428 Vad, f 001428 Vad, 





d 


É 003 Ата) И; о Ё 003 un. Нед | 
БЕК.) 


me 


A Po 





Using Equations (A-1-7) and (A-1-11), the relative 


Em orn VV Әс ораси о и 





+ Lay Art af 
Alem РА 


E, É к 2+ 








Using he values from Table TV, запао! A cos d = ~awd ad 


and Aawed * c4 24, the relative error in Vos, Ya is 


Z ot 00274 POA 
Ev 4,843 
Ey = 00062 2 .00287 = .00349 


The absolute error is, for МеЉМа=10,760.2, to six figures 


ES = ( Vo, Va) E 
ме По И 0 


Е. - 37.7, say 40 
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ШИШЕ tne, truce value of Vey, Vas, lies between 10,820.2 and 
10,740.2. The best that can be done is to take the average 
of the two numbers and round off to three significant figures. 
Even then the result may be in error by one digit in the third 
place. It is observed from the above calculation that the 
angle measuring device error contributes approximately four 
times as much to the relative error than the micromanometer 
EROS 

Using Equations (A-I-7) and (A-I-10), the relative error 
in Va, s etation dee 
се ан pi 


r + 


дема | 
(rgd 


Using the values from Table IV, and with Aceed:-awadd, the 








E 
e lative error in Va, is 


£ 003 (1001280000000 
£. = O / 22893 T 


Ex = .00062 4 .00310 = .00372 


2, 

The absolute error is, for Va, 2790030920 TO SIX 005 ur, 
Ба (Ма) Е, 
Ел 9^ 9930.20(.00372 ) 
En = 36.9, say 40 

The true value of Va lies between 9970.20 and 8890.20. 


и 


l! 


Taking the average of the two numbers and rounding off to 
tuo significant figures, the result may be in error by one 
digit in the second place. The error in the angle measur- 


ing device contributes avproximately five times as much to 
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the relative error than the error in the nicromanometer read- 
ings 

КОШЫ лр the rule given for He rn power of a number 
pusches correct to m sitnificant figures, tie firs: dio 
ficant figure being & , Va will be correct to tuo sisrnifiesnt 
figures as the product of и# > 10. 

Using Equations (A-I-7) and (A-I-11), the relative error 


in V. We, at station 2 is 





тыл ак ARE cen d A Lew Í 
= اا‎ 2 3 < 62 
( K GG | í py 














Then the relative error in Va,Vu, is 


Е, ЕО) .003 4 .00143(.6399) -/ .00143(1.563) 
3.851 


=> = 2000280 4 cgo T ос 

For Va, V4, = 7°09,88 to six figures, the absolute error is 

E (Ма Мо Er 

En, = 7209.86(.00394) 

En = 30.8, say 30 
Thus, the true value of Vas Va, lies between 7439.88 ала 7779.50 
"ith the average of these values and rounding off to two 
Sifaiticant figures, the result may ke in error Бу one wie 
in the second place. Hence, the error in the апеје псазш и 
device contributes also approximately four times as ¿men to 
the rela Rive error as the error in tiherrrecoranomene 

Using Equations (A-I-7) and (A-I-10), the relative error 

in Vas Зора 2 15 


AN 


о 


Ac 4 
Cod 

















2 "m 
K 
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t * е 2. 
Thus, the relative error in Va, is 


003 # 2(.00143)(.7095) 


Е. = о+ 
r т.551 


c 
ТЕ 00078 x 00201 5 000290 


Mmrcwabsolute error is, for Va, = Је 204, 1 LO слот ие 
之 = 

E (иа) Е, 

Eg, = 12,204.1(.00279) 

Eg, = 34.0, say 35 
Free, the true value of Ya lies between 12,9?39.4 and 12,1€9.4. 
Taking the average of the trio numbers and rouncinf off to three 
ES icont figures, 1t is observed {that the result May Ge aa 
error by one digit in the third place. It may be seen that the 
error in the angle measuring cevice contributed acproximately 
merece times as much to the relative error es did tho error Ea 
the micromenometer. 

Following the rules given for the F th root of a пиши 
len ıs Correct to mM significant figures, the first SAS 
ficant figure being 4 , Va, will be correct to two signifi- 
cant figures as the ıroduct of YA </0e 

From the preceding calculations we can draw the fc lowe 
уш conclusion: 

The averare contribution to the relative error in tne 
Шіат5з (165 Var , V. Vu and Va) is approxonate!y four times es 
Brest for the error in the angle measurine 9evioe as for the 
error in the ricromsnometer. The value of Va vil? be correct 
Du o sicsmificant firurec. If the meenitude of vs or Мама 


ess than 10,000 it is correct to tuo sisnificant lirures; 


| 一 


е 
ЕЕ 
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B l2 se nitude of Vas or Va Vw is sreater than ша Пода ри ше 
Corte t to three sitnificant firures. In all ons PES DENN 
of Va and VaMu may bo in error ow one igi] ino pogo hae 
significant figure. 

The calculated value of the drap and lift coeff ie cni 
Ср and C, , respectively, ere correct to two significant 
шігптес ne turnine angle AB ond the loss coefficient $ 
ere correct to three significant figures. All four of the 
ШОУ auentities may be in error by one Brit in che Tas 


mace. 
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